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Abstract

The rubber composites that are reinforced by a mixture of soy spent flakes (SSF) and carbon black (CB) are investigated in terms of
their viscoelastic properties. Soy spent flakes is a plentiful renewable material from the waste stream of commercial soy protein extrac-
tion. SSF contains mostly soy carbohydrate and dry SSF increases rubber modulus significantly. The aqueous dispersions of SSF and CB
were first mixed and then blended with styrene–butadiene latex to form rubber composites by freeze-drying and compression molding
method. The mixtures of SSF and CB at three different ratios are investigated as co-fillers. A 30% co-filler reinforced composite exhibits
about 100 times increase in the shear elastic modulus compared with unfilled SB rubber, showing a significant reinforcement effect by the
co-filler. Compared with the SSF composites, the recovery behaviors of the co-filler composites after the eight consecutive deformation
cycles of dynamic strain are improved and are similar to that of the CB composites. The comparison of viscoelastic properties of the
composites prepared by freeze-drying and casting methods indicates the composites prepared by freeze-drying method have a lower elas-
tic modulus, but have a better recovery behavior due to its polymer mediated filler network structure. The co-filler composites with 50–
75% substitution of CB by SSF have a greater elastic modulus than the CB reinforced composites.
Published by Elsevier Ltd.
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1. Introduction

For practical applications, rubber material is usually
reinforced with fillers. Carbon black is the most often used
filler. Carbon black is mainly derived from aromatic oil in
petroleum or from natural gas. Substitution of carbon
black with renewable filler has been investigated in recent
years. Recent studies reported the modulus enhancement
of rubbers by natural materials, for example, oil palm
wood [1], crab shell chitin [2], and bamboo fiber [3]. From
1359-835X/$ - see front matter Published by Elsevier Ltd.
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the perspective of renewable materials and environmental
reasons, soy protein and other soybean products have been
investigated as a component in plastic and adhesive appli-
cations [4–8], but have been rarely investigated as a rein-
forcement component in elastomers. Attempts to use
protein in rubber latex can be traced back to the 1930s.
A few patents [9–11] had claimed the use of protein in rub-
ber composites. For example, Lehmann and co-workers
had demonstrated the use of casein (milk protein) in natu-
ral rubber latex to achieve approximately a fourfold
increase in the modulus [11]. Protein as an additive in
rubber materials has also been claimed to improve the
anti-skid resistance of winter tread tires [12–14]. In rubber
reinforcement, factors such as aggregate structure, effective
filler volume fraction, filler–rubber interaction and elastic
modulus of filler clusters have important impact on the
modulus of rubber composites [15]. Mechanically, the
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Fig. 1. Elastic moduli of SSF and CB composites. The weight fraction of
filler is indicated at the end of each curve.
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elastic modulus of base rubber is not significant when com-
pared with the modulus of filler network in highly filled
elastomeric composites [16]. For practical applications,
the issue of moisture sensitivity in some applications is
always associated with natural materials, but it can be
improved through product formulation, processing
method, or selective applications. For example, it may be
used as an ingredient in multilayered structures, in coated
objects, in high temperature applications or in a rubber
part used in greasy/oily environments, where the moisture
effect is minimal.

The rubber matrix used in this study is a styrene–buta-
diene (SB) rubber with small amount of carboxylic acid
containing monomer units. The carboxylated SB forms a
crosslinked rubber by the aggregation of ionic functional
groups without the complication of covalent reactions.
Carboxylated SB rubber is classified as an ion-containing
polymer. Its viscoelastic properties are affected by molecu-
lar weight, degree of crosslinking, glass transition tempera-
ture (Tg), copolymer composition, the number of ionic
functional groups, the size of ionic aggregation, the degree
of neutralization, and the size of the neutralizing ions
[17,18]. Previous studies also have shown honeycomb-like
structures in the film of carboxylated latexes due to a
higher concentration of carboxylic acid groups on the par-
ticle surface [19]. Previous studies have indicated the
importance of interaction between filler and matrix [16].
Soy protein contains a significant amount of carboxylic
acid and substituted amine group [20]. Soy carbohydrate
can also interact with carboxylic functional groups in SB
matrix through hydrogen bonding and ionic interaction.
Structurally, Soy protein is a globular protein and its
aggregate is similar to colloidal aggregates, but soy carbo-
hydrate is non-globular and film-like materials [21].
Although ionic interactions can occur between these soy
products and the carboxylated SB, the condensation reac-
tions do not occur under the alkali condition between the
carboxyl groups of SB and the major functional groups
such as hydroxyl, carboxyl, thiol, amine, and amide groups
in SSF.

Soy spent flakes (SSF) used in this study is mostly a soy
carbohydrate fraction in soybean. Soybean can be pro-
cessed into soybean oil and defatted soy flour. SSF is
mostly an insoluble carbohydrate after most of soy protein
and soy whey, a soluble carbohydrate, are removed from
defatted soy flour. SSF is a by-product or residue in the
commercial extraction process of soy protein isolate. It is
an abundant and inexpensive renewable material, but it
has little commercial value at this time. The composition
of SSF is approximately 12% cellulose, 17% pectin, 14%
protein, and 53% insoluble polysaccharide [22]. SSF is
desirable to be used in the as-is form from the commercial
process without further separation so that its cost is com-
parable to inorganic fillers. SSF has the lowest cost among
soy products such as defatted soy flour, soy protein concen-
trate, and soy proteins isolate (SPI), whereas SPI has the
highest cost. Dry SSF is a rigid material and has a shear
elastic modulus of �4 GPa (Fig. 1) under ambient condi-
tions. Because the high rigidity of a reinforcement phase
is one of the requirements in rubber reinforcement, dry
SSF is therefore a possible candidate for this application.
However, previous studies indicate SSF reinforced rubber
composites have less than desired modulus recovery after
the consecutive deformation cycles [21]. In this study, the
objective is to explore the co-filler effect by using a mixture
of SSF and CB as reinforcement fillers. Another objective
is to obtain more insight on the reinforcement mechanism
by comparing different preparation methods—casting vs.
freeze-drying.

2. Experimental

2.1. Materials

In this study, SSF was obtained from defatted soy flour
(DSF), a spray dried powder (Nutrisoy 7B) from Archer
Daniels Midland Company, Decatur, IL. SSF can also be
obtained commercially. A conventional process was used
to separate SSF by removing alkali soluble protein and
whey. �300 g of DSF was first dispersed in water at
�13% concentration, pH � 10, and 45 �C for 1 h, and fol-
lowed by centrifuged at 3000 rpm for 10 min at 15 �C to
separate insoluble SSF. The SSF obtained was washed with
�900 g of water twice and centrifuged to obtain the final
product. The yield of SSF based on dry DSF is �23%, sim-
ilar to that by industrial process. The composition of SSF is
also similar to that by industrial process mentioned in the
introduction. The resulting SSF paste with a solid content
of 7.5% was used to prepare rubber composites. Sodium
hydroxide, used to adjust pH, was ACS grade. The SPI
used in this research is a slightly enzyme hydrolyzed soy
protein isolate (PRO-FAM 781, Archer Daniels Midland
Company, Decatur, IL). It contains more than 90% pro-
tein, �6% ash and �4% fat. Aqueous dispersion of carbon
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black N-339 (Sid Richardson Carbon Co.) was prepared by
dispersing �100 g of carbon black (CB) in water with the
aid of a surfactant, sodium lignosulfonate (Vanisperse
CB, Lignotech USA, Rothschild, WI). The weight fraction
of the surfactant based on carbon black is 3%. The disper-
sion was homogenized at 104 rpm for 1 h. The resulting CB
dispersion has a solid content of 12.7%. The carboxylated
styrene–butadiene (SB) latex used as rubber matrix is a
random copolymer of styrene, butadiene, and small
amount of carboxylic acid containing monomers [20] (CP
620NA, Dow Chemical Company, Midland, MI.). The
glass transition temperature of carboxylated SB Latex is
�10 �C determined by DSC. Styrene/butadiene ratio esti-
mated from the glass transition temperatures of a series
of commercially available carboxylated styrene butadiene
was about 65/35. The dried latex is not known to be soluble
in any solvent or a combination of solvents due to ionic
bonding. The latex received had �50% solids and a
pH � 6. The volume weighted mean particle size of latex
was �0.18 lm.

2.2. Preparation of elastomer composites

In this study, freeze-drying and compression molding
method is preferred because there is a density difference
between SSF and CB. Casting method may produce a less
homogeneous sample. SSF in a paste form from the centri-
fuge step mentioned above was blended homogeneously
with carbon black dispersion at three different dry weight
ratios (1:3, 1:1 and 3:1). The SB latex, already adjusted
to pH 9, was then added to the filler mixture and mixed
homogeneously to form composites with three different fil-
ler contents (10 wt%, 20 wt%, and 30 wt%). The homoge-
neous composite mixtures were then quickly frozen in a
rotating shell freezer at about �40 �C and followed by
freeze-drying in a freeze-dryer (LABCONCO, Kansas City,
MO). The moisture content of dried composite crumb is
less than 2%. The freeze-dried crumb was compression
molded in a plunge type mold at 69 MPa and 140 �C for
2.5 h. After compression molding, the samples were relaxed
and further annealed at 95 �C, 110 �C, and 140 �C for 24 h,
respectively. The torsion bars of 100% carboxylated SB
rubber and SSF were prepared by the same process as that
of the co-filler composites. The dried samples had moisture
contents less than 0.8% as measured by halogen moisture
analyzer (Mettler Toledo HR73) at 105 �C for 60 min.
For comparison, SSF and CB composites were prepared
by using the same procedure as that of co-filler composites.
The densities of SSF, CB, and SB were measured by using a
density bottle with a low viscosity poly(dimethylsiloxane)
as the immersion liquid.

2.3. Dynamic mechanical measurements

A Rheometric ARES-LSM rheometer (TA Instruments,
Piscataway, NJ) was used in the dynamic mechanical mea-
surements. Temperature ramp experiments were conducted
using torsion rectangular geometry with a heating rate of
1 �C/min in a temperature range from �40 �C to 140 �C.
The soak time at each temperature after ramp was 15 s
and the measurement duration at each temperature was
30 s. When using torsion rectangular geometry, torsional
bars with dimensions of approximately 40 · 12.5 · 3 mm
were mounted between a pair of torsion rectangular fix-
tures and the dynamic mechanical measurements were con-
ducted at a frequency of 0.16 Hz (1 rad/s) and a strain of
0.05%.

For the strain sweep experiments, the oscillatory storage
and loss moduli, G 0(x) and G00(x), were measured using a
torsional rectangular geometry. The shear strain-controlled
rheometer is capable of measuring the oscillatory strain
down to 3 · 10�5 % strain (TA Instruments, Piscataway,
NJ). The rheometer was calibrated in terms of torque, nor-
mal force, phase angle, and strain using the instrument pro-
cedure. A rectangular sample with dimension of
approximately 12.5 · 20 · 4 mm was inserted between the
top and bottom grips. The gap between the fixtures was
�7 mm in order to achieve a strain of �14%. A sample
length shorter than 5 mm is not desirable because of the
shape change from the clamping at both ends of the sam-
ple. The frequency used in the measurements was 1 Hz.
The oscillatory storage and loss moduli were measured
over a strain range of approximately 0.001–14%. The
actual strain sweep range was limited by sample geometry
and motor compliance at large strain, and transducer sen-
sitivity at small strain. The data that was out of the trans-
ducer range was rejected. Although harmonics in the
displacement signal may be expected in non-linear mate-
rial, a previous study [23] indicated that the harmonics
are not significant if the shearing does not exceed 100%.
Each sample was conditioned at 140 �C for 30 min and
then subjected to 8 cycles of dynamic strain sweep in order
to study the stress softening effect. The delay between strain
cycles is 100 s. For clarity, only data from the first, fourth,
and eighth cycle are presented in the figures. To measure
the recovery curves, the samples after subjected to eight
strain cycles were allowed to recover at 140 �C for 24 h
before they were subjected to one cycle of strain sweep.

3. Results and discussion

3.1. Comparison of casting and freeze-drying methods

The rubber composites prepared by casting and freeze-
drying method exhibit different mechanical properties due
to their different filler network structures. The comparison
of these reinforcement structures is therefore instructive to
understand the reinforcement mechanism of rubber com-
posites. In this study, the range of filler fractions in the
composites is above the percolation threshold, which
means the fillers can form a network due to the presence
of a sufficient number of filler aggregates in the rubber
matrix. Fig. 1 shows the dynamic shear elastic moduli of
SSF and CB composites prepared by freeze-drying method.
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The composite filled with 30% SSF exhibits about 100
times increase in the G 0 compared with the unfilled SB rub-
ber. In the 10% and 20% filled composites, SSF composites
have a significantly greater G 0 than CB composites within
the rubber plateau region. In the 30% filled composites,
G 0 of SSF composite is slightly higher than that of CB com-
posite. The comparison is based on the weight fraction of
filler, which is relevant to the economic value of the filler.
It should be noted that SSF has a density of 1.50 g/cm3

and CB has a density of 1.73 g/cm3. Therefore, SSF has a
greater volume fraction than CB at the same weight frac-
tion and the reinforcement effect is proportional to the vol-
ume fraction instead of weight fraction. However, other
factors such as aggregate size of filler, filler–filler interac-
tion, and filler–rubber interactions also contribute to the
observed modulus behavior. The number average size of
wet SSF is �10 lm and the dry size is �7 lm by correcting
the swelling effect in water. The number average size of CB
aggregates is �0.3 lm [17,24]. The effects of aggregate size
and filler–filler interaction have been reported previously
[17,24].

Fig. 2 shows the comparison of SSF and CB composites,
and the comparison of these composites prepared by cast-
ing and freeze-drying methods. The mechanical properties
of composites prepared by the casting method have been
reported previously [17,24]. Generally, the SSF composites
have a greater G 0 than that of the CB composites and the
composites prepared by the casting method have a greater
Fig. 2. Elastic moduli of SSF and CB composites at small strain region
plotted against weight and volume fractions. c = casting and fd = freeze-
drying. The measurements were conducted at 0.16 Hz and 140 �C.
G 0 than that prepared by the freeze-drying method. In the
previous study, the greater G 0 of the SSF composites is
attributed to a greater filler network strength through fil-
ler–filler interactions compared with the CB composites
[17]. The greater G 0 in composites prepared by casting
method, vs. freeze-drying method, can also be explained
by the strength of filler network. The casting method is a
slow process which allows the fillers to associate with each
other as water evaporates. The freeze-drying method on the
other hand produces a homogeneous mixture of filler and
rubber particles, where filler aggregates are surrounded
by the rubber particles because the filler has a smaller vol-
ume fraction in the mixture. Upon compression molding of
freeze-dried crumbs, the filler network structure has
increasing presence of a polymer layer sandwiched between
filler aggregates compared with the filler network structure
produced by the casting method. With the same filler, filler
aggregate size, and filler volume fraction, a filler network
with increasing presence of a polymer layer between filler
aggregates is softer than a filler network without polymer
mediation. Therefore, polymer mediation model [25] is ade-
quate in explaining these differences. Another variable is
that the composites prepared by freeze-drying method
may have a thicker polymer layer between filler aggregates
and thus have a softer filler network structure because the
rigid immobilized polymer layer possibly only extends a
few nanometers [26] outward from the filler surface.

3.2. Filler–rubber interactions in SSF and CB composites

The information of filler–rubber interaction can be
obtained from the shifting of loss maximums of these
Fig. 3. Loss moduli of SSF and CB composites prepared by freeze-drying
method.



256 L. Jong / Composites: Part A 38 (2007) 252–264
composites in Fig. 3, which shows the G00 of SSF and CB
composites in the glass transition region. The loss maxi-
mums represent the temperature at which the energy loss
as heat from the composite structure reaches its maximum
and is corresponding to the glass transition temperature.
There is no significant shifting in the loss maximum of
the SSF composites as SSF fraction in the composites is
increased. The shifting of the loss maximum to a higher
temperature in the CB composites is however observable
as the CB concentration is increased. This is an indication
that there is a greater extent of filler–rubber interaction in
the CB composites because the fraction of filler-immobi-
lized polymer has increased and resulted in a few degrees
increase in the average glass transition temperature of SB
rubber matrix. Whether the effect is due to a stronger fil-
ler–rubber interaction is not known, but the greater filler
surface area from the smaller CB aggregates certainly con-
tributes to such effect. A similar trend was observed on the
same composites prepared by the casting method [24]. The
same trend was also observed in tand maximums in
Fig. 4(a), it shows an insignificant shifting of tand maxi-
mum as the SSF content is increased, similar to the trend
of G00 maximum. A significant shifting of tand maximum
was observed in the CB composites (Fig. 4(b)) and the
shifting is towards a lower temperature as the CB content
is increased. This trend was also observed in soy protein
[27], silica [28], and crosslinked polymer fillers [26]. The
shifting direction of tand maximum cannot be interpreted
directly with a simple model of filler-immobilized polymer
structure because it is a ratio of G00/G 0. However, a ten-
dency to shift along the temperature axis is similar to that
Fig. 4. Loss tangent of: (a) SSF and (b) CB composites prepared by
freeze-drying method.
of G00 maximum although in the opposite direction. For
damping behaviors shown in Fig. 4, the magnitude of tand
is decreased as the filler content is increased. This behavior
is typical in filled rubber composites. In the rubbery region
of 120–140 �C, the damping of SSF composites is similar to
that of CB composites.

3.3. Non-linear viscoelastic properties of SSF and CB

composites

Non-linear viscoelastic behaviors of these composites
were investigated by using a series of strain cycles. Fig. 5
shows the effect of oscillatory strain cycles on the modulus
of the composites. The effect is called stress softening,
which occurs in most filled elastomers. It is defined as the
stress needed to deform the filled rubber at a given elonga-
tion is reduced during the second cycle of deformation. The
effect is also called Mullin effect for his extensive studies
[29,30] on this phenomenon. The stress softening effect is
generally considered to be caused by filler related structures
and therefore can yield some insight into the filler struc-
tures [21]. For 30% SSF composite (Fig. 5(a)) prepared
by freeze-drying method, G 0 of the eighth strain cycle in
the small strain region is reduced to �80% of its value in
the first strain cycle. For the same composite prepared by
the casting method, the retention of G 0 in the eighth cycle
is �60% of that in the first cycle. This indicates the compos-
ites prepared by freeze-drying method have a greater ability
to instantly recover their filler network related structures.
The recovery curves in Fig. 5 also indicate the same trend.
This behavior is consistent with the previously mentioned
polymer mediated filler network structure. G00 curves in
Fig. 5 also demonstrate the structure difference in the com-
posites prepared by these two different methods. Fig. 5(a)
shows a loss maximum occurs at 7% strain and a secondary
peak at 0.3% strain for the SSF composite prepared by
freeze-drying method, while a G00 maximum occurs at
0.07% strain and a secondary peak at 3% strain for the
SSF composite prepared by casting method. This indicates
filler related network structure of the composite prepared
by freeze-drying method is more elastic because its G00 max-
imum, from the breaking down structure responsible for
heat dissipation process, occurs at a larger strain when
compared with the structure of the composite prepared
by the casting method. The magnitude of damping (tand)
within the same range of strain (Fig. 5(a) and (b)) is similar
in the composites prepared by these two different methods.

For 30% CB composites prepared by these two different
methods, a similar trend as that in SSF composites was
observed. Fig. 6(a) shows G 0 of the CB composite has a
100% modulus recovery after 8 cycles of strain sweep and
G 0 of the CB composite prepared by casting method has
only �70% of modulus recovery when compared with the
G 0 of the first cycle (Fig. 6(b)). Filler related network struc-
ture responsible for heat dissipation, shown as G00 maxi-
mum, also occurs at a larger strain for the CB composite
prepared by the freeze-drying method, while that of the



Fig. 5. Strain sweep experiments at 140 �C: (a) 30 wt% SSF composites prepared by freeze-drying method; (b) 30 wt% SSF composites prepared by casting
method. Only 1st, 4th and 8th strain cycles are shown. R indicates the recovery curve after the samples are conditioned at 140 �C for 24 h.

Fig. 6. Strain sweep experiments at 140 �C: (a) 30 wt% CB composites prepared by freeze-drying method; (b) 30 wt% CB composites prepared by casting
method. Only 1st, 4th and 8th strain cycles are shown. R indicates the recovery curve after the samples are conditioned at 140 �C for 24 h.
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CB composite prepared by the casting method has a G00

maximum at a smaller strain. These observations, again,
indicate filler network structure produced by freeze-drying
method is more elastic and less brittle than that by casting
method.

3.4. Thermal mechanical properties of co-filler composites

Fig. 7 shows G 0 of co-filler composites with three differ-
ent co-filler ratios. The general features of G 0 over the
entire temperature range for the three different co-filler
ratios are similar, but the G 0 decay in the glass transition
region shows more than one transition in the insets of
Fig. 7. The additional transitions can also be observed in
Fig. 8, where additional G00 transitions occur at a higher
temperature than that of the loss maximums in Fig. 3.
Fig. 7. Elastic moduli of co-filler composites. The weight fraction of co-
filler is indicated at the end of each curve. The co-filler ratios are indicated
in the graphs.

Fig. 8. Loss moduli of co-filler composites. The weight fraction of co-filler
is indicated at the end of each curve. The co-filler ratios are indicated in
the graphs.
These additional transitions are more easily observed on
the 10% and 20% filled composites, and at the co-filler
ratios of 1:3 and 3:1. These additional transitions become
more obvious in the tand plots (Fig. 9), where two transi-
tions are clearly observed for almost all compositions. The
higher temperature tand transitions are listed in Table 1. It
is obvious that the higher temperature tand transitions can-
not be assigned to either the effect of CB or SSF. The
higher temperature transitions in the glass transition region
are attributed to the co-filler effect because neither the SSF
or CB composites show such double transitions in Fig. 4.
Since the rubber and fillers of co-filler composites are the
same as that in the SSF or CB composites, the additional
higher temperature transitions can only be attributed to
the presence of regions of highly immobilized polymer
chains between filler aggregates. These highly immobilized



Fig. 9. Loss tangent of co-filler composites. The weight fraction of co-
filler is indicated at the end of each curve. The co-filler ratios are indicated
in the graphs.

Table 1
tand Maximumsa

Composition 10% filler (�C) 20% filler (�C) 30% filler (�C)

SSF 25.6 25.0 24.6
CB 32.4 28.5 25.4
SPI 21.5 19.5 17.0

Co-filler

CB:SSF = 1:3 50.9 45.6 40.0
CB:SSF = 1:1 45.4 45.4 41.6
CB:SSF = 3:1 48.9 40.0 31.9
CB:SPI = 1:1 32.6

a Only higher temperature transitions for the co-filler composites are
listed. tand Maximum for SB matrix is 31.9 �C.

Fig. 10. Loss modulus and loss tangent of CB/SPI co-filler composites.
The weight fraction of co-filler is 20%. Co-filler ratio CB:SPI = 1:1.

L. Jong / Composites: Part A 38 (2007) 252–264 259
polymer chains do not occur between SSF and SSF aggre-
gates or CB and CB aggregates because it lacks a corre-
sponding higher temperature transition over the same
concentration range (Fig. 4). Filler–rubber interactions
are also not the reason for such double transitions because
same fillers are used in these composites. These observa-
tions indicate the regions of highly immobilized polymer
chains are caused by a higher degree of confinement from
the combination of SSF and CB filler aggregates.

Since SSF contains a small fraction of soy protein along
with soy carbohydrate, it is desirable to determine if soy
protein contributes to the regions of highly immobilized
polymer chains. The effect of soy protein in SSF can be
measured by combining the soy protein and carbon black
as co-filler. The result is shown in Fig. 10, where a 20%
co-filler reinforced composite containing 1:1 ratio of soy
protein and CB shows only one loss tangent maximum at
32.6 �C (Table 1). On the other hand, the SSF co-filler com-
posites with the same filler ratio have two tand maximums.
The higher temperature transition occurs at 45.4 �C
(Fig. 9(b) and Table 1). The absence of a higher tempera-
ture tand maximum in the SPI:CB composite indicate
SPI in the SSF:CB co-filler composites does not contribute
to the formation of regions of highly immobilized polymer
chains.

For practical purposes, the G 0 of all co-filler reinforced
composites are summarized in Fig. 11. Comparing with
CB composites prepared by the same freeze-drying
method, all co-filler composites show a greater elastic mod-
ulus in the rubber plateau region especially at 10% and 20%
filler concentration. At 30% filler concentration, all compo-
sitions show a similar G 0. This indicates the substitution of
CB with more economical SSF leads to an increase in the
elastic modulus of the composite, but with reduced filler
cost. Comparing with SSF composites, the co-filler rein-
forced composites have a similar elastic modulus, but they
have a better recovery behavior as will be shown in their
stress softening effect.



Fig. 11. Elastic moduli of co-filler composites at 140 �C. The SSF and CB
composites are also included for comparison.
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3.5. Stress softening effect of co-filler composites

The stress softening effect of co-filler composites is
shown in Fig. 12. The retention of G 0 in the small strain
region can be used to evaluate the instant recovery behav-
ior after the eight cycles of strain deformation. Thus, the G 0

at 0.05% strain in the eighth cycle of the composites shown
in Fig. 12(a), (b), and (c) retains 79%, 78%, and 74% G 0 of
their first cycles, respectively. Comparing with the retention
Fig. 12. Strain sweep experiments of composites reinforced by 30 wt% co-filler
strain cycles are shown. R indicates the recovery curve after the samples are c
of �80% G 0 (Fig. 5(a)) for the SSF composite and �67% G 0

(Fig. 6(a)) for the CB composite, co-filler reinforced com-
posites show more G 0 retention than the CB composites.
All the co-filler composites with 30% filler content also
show a total recovery of G 0 after the deformed composites
were reconditioned at 140 �C for 24 h. For loss modulus
under consecutive strain cycles, the energy dissipation pro-
cess of co-filler composites became less pronounced and the
maximum was shifted to the smaller strain amplitudes. The
structure responsible for the energy dissipation process is
obviously reduced after the first three cycles. After the
major structure is broken down in the first three strain
cycles, the remaining structure in the fourth and eighth
strain cycles generates a broader loss maximum. The loss
maximums in their first cycles occurred at 2.5%, 1.6%,
and 1.6% for the composite in Fig. 12(a), (b), and (c),
respectively. A loss maximum of a composite that occurs
at a higher % strain indicates a more elastic structure,
which requires a greater extent of deformation to break
down the filler related structure. It is also noted that G 0

maximums occur in the small strain region in Fig. 12.
These G 0 maximums are similar to the previous observation
on the soy protein filled rubber composites and are attrib-
uted to the breaking down of filler-immobilized polymer
networks [31]. Fig. 13 shows the strain dependent behavior
of SB rubber matrix prepared by freeze-drying method at
the glass transition temperature (10 �C) and at a tempera-
ture (25 �C) above the glass transition temperature. It is
noted that the magnitude of both G 0 and G00 maximums
is reduced and the peak width is broadened as temperature
at 140 �C. Co-filler ratios are indicated in the graphs. Only 1st, 4th and 8th
onditioned at 140 �C for 24 h.



Fig. 13. Strain sweep experiments of SB rubber prepared by freeze-drying method: (a) experiments conducted at 10 �C; (b) experiments conducted at
25 �C. Only 1st, 4th and 8th strain cycles are shown.
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increases. The increasing temperature reduces the amount
of structure responsible for G00 maximum (Fig. 13(a)) and
therefore reduces the magnitude of G00 maximum
(Fig. 13(b)). The G 0 maximum of immobilized SB matrix
occurred at 0.02–0.03% strain and is similar to the G 0 max-
imums in the co-filler composites that occurred at 0.02–
0.05% strain. The G 0 maximum of compressed molded
SSF is at �0.01% strain. This indicates low temperature
immobilized polymer structure is mainly responsible for
the G 0 maximums observed in the strain dependent behav-
ior of the co-filler composites.

Another interesting observation is the recovery behavior
of the composites with 20% filler (Fig. 14). The recovery
curves in these three composites all lie above the G 0 of
the first strain cycle. This indicates the composite structure
was changed by the eight consecutive deformation cycles
and rearranged to form a stronger structure upon recondi-
tioning at 140 �C for 24 h. One possible explanation is that
the composite structure prepared by freeze-drying method
was frozen in a homogeneous state, which was not an equi-
librium state compared with that by casting method that
allows a much longer time for a filler network to form.
At 20% filler level, the composite is still soft enough for
the structure to rearrange itself after the perturbation by
the deformation cycles and to reach a more equilibrium
state. To further analyze the major contribution of this
behavior, the strain dependent behaviors of the composites
with 20% SSF or CB filler were measured and shown in
Fig. 15. Fig. 15(a) shows that the recovery curve of the
SSF composite did not exceed the G 0 of the first cycle,
but Fig. 15(b) shows that the recovery curve of the CB
composite exceeds the G 0 of the first cycle. This is an indi-
cation that CB is responsible for the structure rearrange-
ment in the co-filler composites. The mechanism of such
rearrangement is not known, but possibly due to ability
of smaller CB aggregates to diffuse in a softer rubber
matrix to form a more connected filler related network.

For the loss tangent properties, the magnitude of tand for
the co-filler composites is similar to that of the CB compos-
ites. The magnitude of tand has practical importance in rub-
ber applications such as tire application. A rubber composite
that has a smaller tand value tends to have a reduced rolling
resistance and save energy, while a larger tand tends to have
an improved skid resistance and wet grip. The ability of SSF
to absorb some moisture in a wet state tends to reduce G 0 and
increase tand and lead to a better wet traction.

3.6. Reversible strain dependence of shear elastic modulus

The reduction of shear elastic modulus with increasing
strain is a familiar phenomenon reported by Payne [32–
34] on carbon black filled rubbers in the early 1960s. Later
Kraus [35] proposed a phenomenological model based on
Payne’s postulation of filler networking. The model is
based on the aggregation and de-aggregation of carbon
black agglomerates. In this model, the carbon black



Fig. 14. Strain sweep experiments of composites reinforced by 20 wt% co-filler at 140 �C. Co-filler ratios are indicated in the graphs. Only 1st, 4th and 8th
strain cycles are shown. R indicates the recovery curve after the samples are conditioned at 140 �C for 24 h.

Fig. 15. Strain sweep experiments of composites reinforced by 20 wt% filler prepared by freeze-drying method: (a) SSF composite; (b) CB composite. Only
1st, 4th and 8th strain cycles are shown. R indicates the recovery curve after the samples are conditioned at 140 �C for 24 h.
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contacts are continuously broken and reformed under a
periodic sinusoidal strain. Based on this kinetic aggregate
forming and breaking mechanism at equilibrium, elastic
modulus was expressed as follows:



Table 2
Fit parameters of shear elastic modulusa

Composition Best fitb m cc(%) G00ðMPaÞ G01ðMPaÞ
Freeze-dry

SSF (fd) 0.58 ± 0.06 2.02 ± 0.07 11.9 ± 0.05 7.85 ± 0.33
CB (fd) 0.71 ± 0.07 1.27 ± 0.11 8.51 ± 0.07 3.56 ± 0.19

Co-filler (freeze-dry)
CB:SSF = 1:3 0.57 ± 0.06 1.30 ± 0.17 8.66 ± 0.03 6.21 ± 0.15
CB:SSF = 1:1 0.58 ± 0.06 1.12 ± 0.14 10.1 ± 0.06 6.28 ± 0.21
CB:SSF = 3:1 0.76 ± 0.19 1.16 ± 0.25 14.3 ± 0.21 7.81 ± 0.69

Casting
SSF (c) 0.34 ± 0.02 0.67 ± 0.06 31.6 ± 0.19 13.8 ± 0.56
CB (c) 0.49 ± 0.02 1.00 ± 0.05 11.0 ± 0.06 3.45 ± 0.14

a All are 30% filled composites. The data are from the 8th strain cycle
measured at 140 �C.

b Best fit of shear elastic modulus vs. strain with the Kraus Model.
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G0ðcÞ � G01
G00 � G01

¼ 1

1þ ðc=ccÞ
2m ð1Þ

where G01 is equal to G 0(c) at very large strain, G 00 is equal
to G 0(c) at very small strain, cc is a characteristic strain,
where G00 � G01 is reduced to half of its zero-strain value,
and m is a fitting parameter related to filler aggregate struc-
tures. Eq. (1) has been shown to describe the behavior of
G 0(c) in carbon black filled rubber reasonably [15]. The loss
modulus and loss tangent, however, do not have a good
agreement with experiments [36], mainly because of the
uncertainty in the formulation of loss mechanism. In this
study, an empirical fit is useful to show the difference in
their strain behaviors (Fig. 16 and Table 2) between the dif-
ferent composites. In general, a smaller fitting parameter m

indicates a more rapid and continuous decrease of G 0 with
increasing strain and suggests a more rapid and continuous
breaking up of filler network structure as the strain is in-
creased. On the other hand, a larger m indicates a more
elastic structure, which breaks down at a lower rate and
has a plateau-like modulus in the small strain region. From
Fig. 16. The 8th cycle of strain sweep experiments at 140 �C and 1 Hz.
Solid lines are the fit from the Kraus model.
Fig. 16 and Table 2, the fitting using the Kraus model is
generally acceptable except when a filler is dominated by
CB, where a G 0 maximum in the small strain region pre-
vents a good fit. Comparing m values in Table 2 between
freeze-drying and casting samples, the value of m is gener-
ally larger for the composites prepared by freeze-drying
method and indicates a more elastic structure, consistent
with polymer mediated filler network structure discussed
previously. Also, the m values of the co-filler composites
indicate the strain dependent behavior of the co-filler com-
posites is similar to that of the SSF or CB filled composites
prepared by the freeze-drying method.

4. Conclusions

SSF, CB, and the mixtures of SSF and CB are used as
fillers to make reinforced rubber composites by blending
the dispersions of filler and rubber latex in aqueous phase
and followed by freeze-drying and compression molding.
10%, 20% and 30% filled composites are studied and com-
pared in terms of their viscoelastic properties. Comparison
between freeze-drying and casting method indicates filler
network related structure in the composites prepared by
freeze-drying method is more elastic than that by casting
method and can be explained by the model of polymer
mediated filler network. The shifting of G00 maximum in
SSF and CB composites with increasing filler concentration
indicates CB has a greater extent of filler–rubber interac-
tion. The stress softening effect of SSF and CB composites
again indicates the composites prepared by freeze-drying
method have better recovery behavior than that by casting
method due to their more elastic filler network structure.
Thermal mechanical measurements of co-filler composites
revealed two glass transitions with one transition occurred
at a higher temperature caused by the effect of co-filler. The
co-filler composites were also studied with the dynamic
strain sweep experiments to understand the filler related
structures. All the 30% co-filler composites show a
100% modulus recovery compared with a 90% recovery
in the 30% SSF composite, indicating the co-filler network
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structure is more elastic. G 0 maximums in the strain sweep
experiments are attributed to the deformation of filler-
immobilized polymer network. That the modulus of recov-
ery in the 20% co-filler composites exceeds the G 0 of the
first strain cycle is attributed to the rearrangement of
non-equilibrated filler network structure to form a stronger
and more equilibrated structure. The reversible modulus–
strain curves of SSF, CB, and co-filler composites at
140 �C were empirically fitted with the Kraus model. The
fitting parameter m for co-filler composites was found to
be similar to that of SSF or CB composites prepared by
the same method. This suggests the elasticity of co-filler
network structure is similar to that of CB composites. This
study shows the use of SSF to partially substitute CB as the
reinforcement co-filler produces rubber composites with
favorable viscoelastic properties and economic value.
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